Abstract Purpose: The antitubulin agent monomethyl auristatin F (MMAF) induces potent antitumor effects when conjugated via protease cleavable linkers to antibodies targeting internalizing, tumor-specific cell surface antigens. Humanized 1F6 (h1F6) is a humanized monoclonal antibody targeting CD70, a member of the tumor necrosis factor family that is expressed on hematologic malignancies and carcinomas. Here, we tested h1F6^maleimidocaproyl (mc) MMAF conjugates, consisting of an uncleavable mc linker, for their ability to interfere with the growth of CD70-positive carcinomas. Experimental Design: To evaluate the optimal drug per antibody ratio, we conjugated either four or eight MMAF molecules to the cysteines that comprise the interchain disulfides of h1F6 and determined antitumor activities in vitro and in xenografted mice. The tumor types tested included glioblastoma, patient-derived renal cell carcinoma (RCC) cell isolates, and standard RCC tumor cell lines. Results: All h1F6-mcMMAF conjugates potently interfered with the growth of all carcinomas in vitro and resulted in complete responses of RCC tumors implanted orthotopically or s.c. in mice. In vitro, h1F6-mcMMAF(8) was generally more potent than h1F6-mcMMAF(4). However, h1F6-mcMMAF(4) displayed equal or better efficacy than h1F6-mcMMAF(8) when administered to tumor-bearing mice. Conclusions: We showed that h1F6-mcMMAF conjugates inhibited the growth of human carcinomas and that increased drug loading, while improving potency in vitro, did not substantially affect the pharmacodynamic and pharmacokinetic properties in vivo. Based on these findings, h1F6-mcMMAF(4), designated SGN-75, has been identified as a potential antibody-drug conjugate for clinical development.
Carcinomas represent f70% of the estimated new cancer patients in the United States, thus comprising the most frequent tumor type in humans (1) . Several monoclonal antibodies interfering with the signaling events regulated by tumor antigens expressed on carcinomas have gained Food and Drug Administration approval in recent years, including trastuzumab (Herceptin) and cetuximab (Erbitux, reviewed in ref. 2) . As a consequence, intense genomic and proteomic efforts are being undertaken to identify novel, membrane-associated tumor antigens that are overexpressed on tumors (3, 4) . CD70 is a rapidly internalizing cell surface antigen that is expressed by neoplastic cells in non -Hodgkin's lymphoma, multiple myeloma, and Hodgkin's lymphoma (5 -7) . CD70 is also up-regulated on several carcinomas, including renal cell (7 -10) , thymic (11) , nasopharyngeal (12) , as well as glioblastoma and astrocytoma (13) . On normal cells, CD70 expression is limited to activated T cells and B cells and is undetectable on normal lymphocytes or parenchymal cells (14) ; therefore, it is considered an attractive target for cancer immunotherapy.
Therapeutic antibodies mediate antitumor effects by interfering either directly with tumor intrinsic signaling pathways that are regulated by their respective targets and/or indirectly by engaging effector cell functions via their Fc portions following binding to their targets. Several mechanisms involving effector cell -mediated tumor cell killing have been described, including antibody-dependent cellular cytotoxicity and antibody-dependent cellular phagocytosis, in addition to complement-dependent cytotoxicity (reviewed in ref. 15) . As exemplified by rituximab (Rituxan), which substantially improves long-term survival rates of non -Hodgkin's lymphoma patients (16) , effector cells and complement-dependent cytotoxicity are important for the therapeutic effects of monoclonal antibodies developed for the treatment of hematologic malignancies. In contrast, only a limited number of carcinoma antigens have been described to contribute functionally to transformation, including the prototypic epidermal growth factor receptor family members HER2/neu and EGFR/HER1. Durable responses following treatment with function blocking antibodies targeting these tumor antigens have been most frequently observed in combination with chemotherapy (17) . Such limited single-agent activities of antibodies targeting carcinomas stimulated the pursuit of strategies to enhance their antitumor effects, including antibody-drug conjugates (reviewed in refs. 18, 19) . Antibody-drug conjugates consist of a cytotoxic payload conjugated to a targeting antibody and represent a promising new class of compounds for the treatment of solid tumors (20) . Several antibody-drug conjugates using the potent antimitotic agents auristatins as the payload are currently being developed preclinically and in early-stage clinical trials (21, 22) .
We previously reported that monomethyl auristatin F (MMAF), when attached to the parental murine anti-CD70 antibody 1F6 via the protease cleavable linker valine-citrulline (vc), induces potent, target-specific cellular cytotoxicity against a variety of hematologic tumor cell lines grown in culture (23) and in a model of renal cell carcinoma (RCC) in vivo (7). Here, we explore the utility of a humanized 1F6 (h1F6) conjugated to MMAF via an uncleavable maleimidocaproyl (mc) linker with different drug-antibody ratios to inhibit the growth of solid tumors in vitro and in vivo. We report potent antitumor activities of h1F6-mcMMAF in all models of RCC tested, including primary human RCC tumor isolates grown orthotopically and in a model of glioblastoma, suggesting the broad utility of uncleavable auristatin-based antibody-drug conjugates for the treatment of carcinomas.
Materials and Methods
Cells and reagents. 786-O, Caki-1, and DBTRG05-MG cells were obtained from the American Type Culture Collection and propagated in culture conditions recommended by the manufacturer. UMRC-3 cells were generated as described previously (24) . Surgical isolates from RCC patients were obtained under patient consent and institutional review board approval. To generate primary RCC cultures, surgical tumor isolates from patients were minced in MEM supplemented with gentamicin, fungizone, and penicillinstreptomycin. Minced samples were then collected by low-speed centrifugation and transferred to the sample medium containing collagenase (0.1 mg/mL, Sigma), hyaluronidase (0.1 mg/mL, Sigma), and Type IV DNase (0.02 mg/mL, Sigma). Enzymatic dissociation was carried out at 37jC and 5% CO 2 for 4 h. After low-speed centrifugation, dissociated tumor fragments were cultured in MEM supplemented with Earle's salt and glutamine; penicillin-streptomycin; 10% fetal bovine serum; MEM nonessential amino acids; MEM vitamins; insulin, transferrin, and selenium supplement; hydrocortisone (0.4 Ag/mL, Sigma); and epidermal growth factors (10 ng/mL). Cell culture medium and growth supplements used in establishing RCC primary cultures were purchased from Invitrogen. Epithelial cells were passaged and phenotyped for surface expression of CD70. A total of four primary RCC cell cultures were established. RCC1 was obtained from a primary RCC tumor. RCC2M and RCC5M were obtained from metastatic RCC tumors. 10896-3p was isolated from a metastatic RCC lesion (pancreatic metastasis). 10896-3p xenografted tumors were processed after resection through the Tissue Procurement Facility of the Roswell Park Cancer Institute. Primary tumors were cut into 2 Â 2 mm pieces in tissue culture medium (RPMI 1640) under sterile conditions. Mice were anesthetized by i.p. injection of 0.4 to 0.5 mL Avertin (2.5 g 2,2,2-tribromoethanol) dissolved in 5 mL of 2-methyl-butanol/200 mL H 2 O. Individual tumor pieces were implanted s.c. in the abdominal wall mice (1st passage) and monitored for growth. Tumor specimens that grew to a size of 1 cm 3 (8-12 wk) were retrieved and subsequently passaged into recipient mice (2nd passage) and used for experiments.
Cell binding and flow cytometry. h1F6 was generated by humanization of the parental murine antibody 1F6 (7). 4 Apparent cell binding affinities of h1F6 and h1F6-mcMMAF(4) were determined by incubating cells with graded doses of h1F6 or h1F6-mcMMAF(4) followed by secondary detection with a FITC-conjugated F(ab ¶) 2 fragment, Fcgspecific goat anti-human IgG antibody (Jackson Immunoresearch), followed by flow cytometric analysis on a FACScan (BD Biosciences) instrument. For flow cytometry, 2 Â 10 5 cells were incubated in monoclonal antibody -containing staining medium (RPMI 1640, 5-10% fetal bovine serum) on ice for 20 to 30 min. Cells were washed, counterstained with FITC-conjugated goat anti-mouse IgG (Jackson ImmunoResearch), followed by an additional wash and fixation in PBS, 1% paraformaldehyde. CD70 copy numbers were determined by quantitative fluorescence-activated cell sorting using the kit provided by DAKO.
Immunohistochemistry. Frozen tissue sections were thawed, airdried for 2 h, and fixed in acetone for 10 min at -20jC. Endogenous peroxidase activity was blocked using 0.6% H 2 O 2 for 15 min, followed by PBS wash. In studies using biotinylated antibodies, slides were treated with successive 30-min avidin block solution (Vector Laboratories) and biotin block solution (Vector Laboratories). Biotinylated murine 2F2 and humanized 1F6 anti-CD70 monoclonal antibodies, control nonbinding IgG (MOPC21), or biotinylated MOPC21 were used at 2 Ag/mL and incubated for >18 h at 4jC. After PBS washes, slides were incubated with avidin-biotin complex reagent (Elite kit, Vector Laboratories), and 3,3V-diaminobenzidine reagent (Vector Laboratories) was used for color development. Images were taken using Axiovert 2000 microscope (Zeiss) using either Â10 or Â40 objectives.
Antibody-drug conjugates. Maleimidocaproyl (mc) MMAF was synthesized and conjugated to antibodies as reported previously (23). 
Translational Relevance
The report describes profound antitumor effects in primary patient tumor cells that were isolated and implanted orthotopically in the subrenal capsule of nude mice. These data were critical for our selection of the lead compound for clinical development, as models using primary patient tumor isolates have the highest predictive values for clinical responses. This report is the first to describe the pharmacodynamic effects of a novel drug linker, consisting of an uncleavable linker and the potent tubulin inhibitor monomethyl auristatin F (MMAF), when tested on human carcinomas. This novel drug linker is markedly different from the previously published linker types, as it is noncleavable, leading to more stable compounds and better pharmacokinetic characteristics. In addition, the effects of increased drug loading on the pharmacokinetic and pharmacodynamic properties of an antibody targeting CD70 were studied. The data reported here were instrumental for the calculation of the therapeutic indexes of various anti-CD70 antibody-drug conjugates, resulting in the selection of a novel therapeutic compound, SGN-75, for development in clinical trials in humans.
A mean number of 4 or 8 drug molecules were conjugated per molecule of h1F6 to yield h1F6-mcMMAF(4) or h1F6-mcMMAF (8) conjugates, respectively. Antibody-drug conjugates used in this study typically contained <2% protein aggregates and <0.5% unconjugated free drug.
Cell proliferation and cytotoxicity assays. Cells (500-1,000 per well) were incubated overnight in 100 AL of medium in 96-well flatbottomed plates. An additional 100 AL of culture medium with varying concentrations of ADCs were added to quadruplicate wells, and / 2], mice were euthanized, tumors were aseptically excised, and f0.5 Â 0.5 mm fragments were loaded into a sterilized 13-gauge trochar for implantation into anesthetized mice. When tumors reached f100 or f300 mm 3 (for treatments of larger tumors), mice were randomly allocated to treatment groups. Tumors were measured twice weekly, and volumes were calculated using the formula V = (L Â W Weight loss was not prominent and metastatic lesions were observed mainly in the diaphragm and the pancreas.
Orthotopic RCC xenograft models. For implantation in the renal capsule, a 1-in. incision was made on the left lateral side to expose the muscle layer of athymic nu/nu female mice. Another 1-in. incision was made to visualize the kidney. Downward pressure was applied on both sides of the incision to exteriorize the kidney. While the medial portion of the kidney was supported with forceps, a separate pair of forceps was used to hold the kidney capsule. A small straight forceps end was used to puncture the capsule. The tumor fragment was then placed between the kidney capsule and the exterior of the cortex. The capsule was released and the kidney was returned to normal position. The muscle layer was closed with 4-0 absorbable suture, and the skin was closed with a wound clip. All surgical procedures were done using sterile technique. Seven days postsurgery, wound clips were removed, the mice were randomly allocated to treatment groups, and treatment was initiated 10 days postsurgery.
Assessment of tumor growth and statistical analysis. Tumor quadrupling or triplication times (as indicated) were chosen as time to end point, which were determined by using a nonlinear regression analysis for exponential growth of each individual tumor growth data set from each experimental animal. The tumor quadrupling time was calculated based on the tumor volume at the beginning of treatment. Animals that did not reach the end point were assigned a time to end point value equal to the last day of the study. The percentage of tumor growth delay reflects the delay in reaching time to end point relative to controltreated tumors, which was determined using the formula %TGD = [(T -C) / C] Â 100, where T and C are the median times in days for treated and control groups to reach time to end point using the start of treatment as day 1. Statistical analysis and graphical presentations were conducted using Prism (GraphPad) software for Windows 3.03 software. Median tumor growth curves show group median tumor volumes as a function of time. The log-rank test was used to analyze the significance of the differences between time to end point of treated and control tumor groups, with differences deemed significant (*) at 0.01 V P V 0.05 and highly significant (**) at P V 0.01. For statistical analysis of kidney tumors in the orthotopic model, the Mann-Whitney test of the tumor weights was done. In a complete response, the tumor volume is <13.5 mm 3 for three consecutive measurements during the course of the study. A durable response is defined as the complete absence of palpable tumor during the entire experiment.
Pharmacokinetic analysis of h1F6 antibody-drug conjugates. Single 3-mg/kg dose of h1F6-mcMMAF(4) and 1.5-mg/kg dose of h1F6-mcMMAF (8) were administered i.p. to naive SCID mice (n = 6 mice per treatment group). The serum samples were collected at scheduled intervals over a period of 11 weeks to obtain composite pharmacokinetic profiles. The samples were analyzed for antibody-drug conjugate concentrations by a qualified multiplex bead-capture assay using an anti-MMAF antibody. The pharmacokinetic parameters of the antibody-drug conjugate were calculated by noncompartmental and compartmental methods using the WinNonLin v.5.2 (Pharsight) software program. Using the mean estimates of the compartmental parameters from the 3-mg/kg dose group, pharmacokinetic profiles corresponding to a single 1.5-mg/kg dose of h1F6-mcMMAF(4) were simulated, under the assumption of linear pharmacokinetics within the specified dose range.
Results
Expression of CD70 in patient samples and in xenografted RCC tumors in mice. Preclinical tumor models using primary patient tumor isolates have higher values to predict drug response in clinical trials compared with standard tumor cell lines (25) . Therefore, we sought to develop orthotopic RCC models using primary patient renal carcinoma cell isolates and to compare the antitumor effects of h1F6 antibody-drug conjugates with conventional tumor cell lines. To validate target gene expression, we conducted immunohistochemical analyses of CD70 expression on sections from primary and metastatic human RCC tumors (Fig. 1A) . As reported by us (7) and others previously (8 -10), we found intense CD70 expression in primary and metastatic RCC tumor cell lines grown in mice. Strong CD70 expression was also noted on tumors derived from patient cell isolates grown s.c. (Fig. 1B,  left) , which were comparable with the levels observed UMRC-3 tumor (Fig. 1B, right) . Cell surface expression of CD70 was confirmed by FACS analysis of primary cultures derived from surgical specimens (Fig. 1C) . Combined, our findings show that cell surface expression of CD70 is maintained in primary patient tumors grown in mice and validated primary patientderived tumors and RCC tumor cell lines as suitable preclinical models to determine antitumor activities of anti-CD70 antibody-drug conjugates in xenografted mice.
Generation of h1F6-mcMMAF(4) and h1F6-mcMMAF(8) conjugates and assessment of their cytotoxic activity in vitro. h1F6-mcMMAF(4) and h1F6-mcMMAF(8) conjugates were generated using the mc linker to attach MMAF to h1F6 ( Fig. 2A) via a synthesis described previously (23) . Binding of h1F6-mcMMAF(4) and h1F6 was determined by incubating tumor cells with increasing concentrations of test compounds, followed by detection with a FITC-conjugated F(ab ¶) 2 fragment. h1F6-mcMMAF(4) conjugates bound to CD70 + target cells (786-O and RCC5M) with comparable affinity as unconjugated h1F6 (Fig. 2B) . Next, we evaluated the ability of h1F6 antibodydrug conjugates to induce cell death of primary RCC cultures or a panel of CD70 + tumor cell lines ( Fig. 2C ; Table 1 ). h1F6-mcMMAF(4), but not nonbinding control IgG-mcMMAF(4), induced dose-dependent cytotoxicity in the RCC cell line 786-O (Fig. 2C, left) . Likewise, h1F6-mcMMAF(4) inhibited proliferation of the primary RCC culture (RCC2M; IC 50 , 58 ng/mL; Fig. 2C, right) , showing that CD70 expressed on RCC tumors grown in situ has the capacity to internalize h1F6 antibody-drug conjugates. Table 1 summarizes the antitumor effects of h1F6-mcMMAF against a variety of CD70+ tumor cell lines, representing RCC, glioblastoma multiforme, multiple myeloma, and Hodgkin's disease. The IC 50 values obtained for h1F6-mcMMAF(4) and h1F6-mcMMAF(8) conjugates ranged from 15 to 369 ng/mL and 10 to 155 ng/mL, respectively. In general, h1F6-mcMMAF(8) was found to be more potent than h1F6-mcMMAF(4) on all tumor cell lines tested and no direct correlation between CD70 expression levels and cytotoxic potencies of the conjugates were observed. RCC model development. h1F6 antibody-drug conjugates were tested in three different models of RCC: s.c. (786-O, UMRC-3), orthotopic (10896-3p, UMRC-3), and in a model of experimental metastasis (UMRC-3). To determine the growth kinetics of primary patient -derived RCC tumor cell isolates (10896-3p), we implanted cells s.c. and compared the antitumor effects with standard tumor cell lines (786-O, Caki-1, UMRC-3; Fig. 3A ). Tumors derived from tissue culture cells grew at least 2-fold faster than primary 10896-3p patient cell isolates. When comparing the growth rates of UMRC-3 cells, we found f2-fold reduced growth in the orthotopic setting, relative to s.c. implantations (Fig. 3B) . These findings suggested that the progression of 10896-3p tumors implanted orthotopically into the subrenal capsule of experimental mice was slower compared with standard RCC tumor cell lines, most likely caused by the reduced growth rates of primary tumor cell isolates and orthotopically grown tumors. Gross pathologic and immunohistochemical analyses revealed that primary patient samples implanted in the renal capsule were highly invasive (Fig. 3C) , reminiscent of the growth of RCC in humans. Expression of CD70 on patient RCC isolates (10896-3p) implanted in the subrenal capsule was confirmed by immunohistochemical analysis of tumor sections (Fig. 3D) . Similarly, strong expression of CD70 in sections of 786-O tumors grown s.c. was noted (Fig. 3E) . Immunohistochemical analysis of tumors confirmed expression of CD70 on neoplastic cells within metastatic lesions in the pancreas and diaphragm (Fig. 3F) following i.p. injection of UMRC-3 cells. Combined, our studies identified CD70 protein expression in all three experimental models of RCC, validating these models for preclinical studies.
Efficacy of h1F6-mcMMAF conjugates in various models of RCC in mice. First, we investigated the dose-response relationship of h1F6-mcMMAF(4) in three models of RCC and found a dose-dependent inhibition of tumor growth in mice implanted s.c. with 786-O tumors and treated with doses of 1.5 and 4.5 mg/kg (Fig. 4A) . Administration of h1F6-mcMMAF(4) at 4.5 mg/kg induced pronounced tumor growth delays, resulting in 2 of 5 durable responses. Substantial reductions in tumor size following treatment with 1.5 mg/kg of h1F6-mcMMAF(4) were found in orthotopically grown primary patient RCC tumor specimens (10896-3p). In these tumors, treatment with 1.5 mg/kg of h1F6-mcMMAF(4) resulted in a . h1F6-mcMMAF(4) at 4.5 or 1.5 mg/kg was administered i.p. at 7 injections every 4 d, beginning on day 17 after tumor implantation (arrow). Points, mean tumor volumes; bars, SE. B, primary tumor fragments 10896-3p were implanted orthotopically in the kidney of athymic nu/nu female (n = 9-10 per group). h1F6-mcMMAF(4) at 1.5 or 0.75 mg/kg and nonbinding control antibody-drug conjugate at 1.5 mg/kg were administered i.p. at 10 injections every 4 d, beginning on day 10 after tumor implantation. Kidneys were removed on day 68, and left to right kidney mass ratio was measured. C, 2 Â 10 6 UMRC-3 tumor cells were implanted i.p. in SCID mice to establish the experimental metastasis model (n = 10 per group). h1F6-mcMMAF(4) at 3 or 1mg/kg was administered i.p. at 4 injections every 4 d, beginning on day 5 after tumor implantation. Data are Kaplan-Meier survival curves.
Potent Anticarcinoma Activity of h1F6-mcMMAF (4) www.aacrjournals. significant decrease in left-to-right kidney mass ratios and substantially reduced tumor growth rates compared with treatment with a nonbinding control -antibody-drug conjugate compound (P < 0.05; Fig. 4B ). Distant metastases are common in RCC and nearly one fourth of the patients display metastases at presentation whereas another 50% develop metastases during the follow-up (26, 27) . To assess the therapeutic effects of h1F6 antibody-drug conjugates on tumor dissemination, we developed a model of experimental RCC metastasis. Implantation of UMRC-3 cells i.p. resulted in metastatic lesions in the pancreas and diaphragm, starting from day 30 postimplantation. Tumor dissemination and growth was associated with a rapid decrease in survival, reaching 100% penetrance by day 40 (Fig. 4C and data not shown, respectively) . We found that treatment of i.p. implanted UMRC-3 tumors with h1F6-mcMMAF(4) resulted in a significant and dose-dependent increase in survival relative to untreated mice (P < 0.005; Fig.  4C ). In summary, these data show that the h1F6-mcMMAF(4) conjugates induced potent, dose-dependent anticarcinoma activities in all experimental models tested. We established the target dose range for subsequent lead identification studies to be between 0.5 and 4.5 mg/kg.
Efficacy of h1F6 antibody-drug conjugates with different drug loading ratios in models of RCC and glioblastoma multiforme. Variations in drug loading may affect potency and/or efficacy of anti-CD70 antibody-drug conjugates. In support of this notion, experiments in vitro suggested that h1F6-mcMMAF(8) conjugates were more potent than h1F6-mcMMAF(4) at inducing tumor cell death (Table 1) . To evaluate the effect of drug load in vivo, we tested the antitumor effects of h1F6 mcMMAF(4) and h1F6 mcMMAF (8) conjugates in all three RCC models developed. Based on antibody dose levels, both compounds induced similar degrees of tumor growth delay when tested against s.c. implanted 786-O tumors, despite the nominal 2-fold increase in drug equivalents per antibody of the mcMMAF(8) conjugate (Fig. 5A) . Similarly, 4-and 8-loaded compounds induced comparable degrees of tumor inhibition at the 0.75-and 1.5-mg/kg dose levels (P = 1.0 and 0.315, respectively; Fig. 5B ) when tested against primary patient samples implanted orthotopically. Studies using the UMRC-3 experimental RCC metastasis model show that both the h1F6-mcMMAF(8) and h1F6-mcMMAF(4) conjugates induced significant increases in the survival of mice implanted with tumors (P < 0.0001 for both antibody-drug conjugates), with both conjugates displaying comparable efficacies [P = 0.9558; 1 mg/kg; h1F6-mcMMAF(4) versus (8); Fig. 5C ].
We further evaluated whether the pharmacodynamic effects of h1F6 antibody-drug conjugates were unique for RCC tumors or whether other tumor types would also be affected. For this purpose, we implanted a CD70-positive glioblastoma cell line DBTRG-05MG s.c. into nude mice followed by the administration of h1F6-mcMMAF conjugates. Similar to our findings in RCC models, h1F6-mcMMAF(4) and h1F6-mcMMAF(8) conjugates were equally effective at interfering with the growth of glioblastoma tumors (Fig. 5D) , when assessed based on antibody dose levels. Combined, our studies show that h1F6-mcMMAF(4) and h1F6-mcMMAF(8) conjugates inhibited the growth of different carcinomas to similar extents. Statistical analysis of the tumor growth inhibition rates indicated that mcMMAF(4) compounds are at least equal to or more potent than mcMMAF(8) compounds, based on antibody dose levels ( Fig. 5A-D) . To calculate the levels of drug exposure in SCID mice, the pharmacokinetic properties of h1F6-mcMMAF (8) and mcMMAF(4) conjugates were determined. As shown in Supplementary Table S1, both compounds displayed comparable pharmacokinetic characteristics, with serum half-lives of 12.8 and 14.1 days for 4-and 8-loaded compounds, respectively. These findings suggest that increased drug loading of h1F6 conjugates consisting of noncleavable linkers is not associated with faster clearance rates. Therefore, the equipotency at similar antibody dose levels of h1F6 conjugates are unlikely to be caused by differences in their exposure levels in mice.
Discussion
Despite substantial improvements in the treatment of early-stage carcinomas, most patients with advanced-stage disease will eventually relapse and progress rapidly. The lack of effective salvage treatment options represents a substantially unmet medical need in the treatment of refractory carcinomas. Antibody-drug conjugates combine antibody selectivity with drug cell-killing potency and therefore may represent useful options for the treatment of early-and late-stage carcinomas (28) . When tested preclinically, several types of antibody-drug conjugates have been shown to induce potent antitumor effects, including maytansinoids, auristatins, calicheamicin, and doxorubicin derivatives (29) . Most of these experiments were conducted with antibody-drug conjugates consisting of either cleavable linkers (7, 30, 31) or acid-sensitive, hydrazonebased linkers (22, 32, 33) . In this report, we show that an antibody-drug conjugate consisting of the humanized anti-CD70 antibody h1F6 linked to the antimitotic agent MMAF via an uncleavable mc linker -induced potent antitumor responses, including the complete regressions of experimental RCCs. Our data show that auristatin-based antibody-drug conjugates using an uncleavable linker have utility for the treatment of human carcinomas.
Biochemical analysis of internalized mcMMAF antibodydrug conjugates identified an intracellular catabolic process associated with the degradation of internalized antibody-drug conjugates, leading to the generation of the active cysteine adduct cys-mcMMAF within tumor cells (23) . Importantly, the active adducts released from vcMMAF and mcMMAF conjugates differ greatly in their uptake and retention by their cellular targets, with mcMMAF conjugates accumulating more prominently in tumor versus normal tissues when compared with vcMMAF (34) . In support of these findings, preliminary tolerability studies in mice evaluating ''off-target'' toxicity revealed comparable maximal tolerated doses between h1F6-mcMMAF(8) and h1F6-mcMMAF(4) antibody-drug conjugates in the range of >150 mg/kg in single-dose experiments (data not shown). These levels are favorable compared with the f50 mg/kg maximal tolerated dose of vcMMAF conjugates reported previously (23) . However, the safety and efficacy characteristics of antibody-drug conjugates may vary between tumor types; therefore, it is important to evaluate optimal drug-linker combinations for each tumor type and antigen individually.
When tested for antitumor activity in vitro, we found h1F6-mcMMAF (8) conjugates to be substantially more potent than h1F6-mcMMAF(4) derivatives (Table 1) . More generally, the therapeutic benefit provided by auristatin-based antibody-drug conjugates has been shown to directly correlate with drug loading, independent of the antibody context, when tested against various tumor cell lines of hematopoietic origin in vitro (35, 36) . However, the in vivo antitumor activities of h1F6-mcMMAF(4) and h1F6-mcMMAF(8) conjugates in models of RCC and glioblastoma were comparable (Fig. 5A-D) . Similar conclusions were drawn from studies investigating the anti-CD30 antibody cAC10 conjugated with increasing equivalents of the structurally related monomethylauristatin E (37). Finally, a lack of correlation between the in vitro and in vivo activities of maytansinoid-based antibody-drug conjugates has been reported, indicating that these observations are independent of the antibody, model, and the chemotype tested (32, 33) . The cause for such inconsistencies between in vitro and in vivo antitumor activities of antibody-drug conjugates has not been clearly established. However, the difference in the pharmacokinetic properties may eventually explain these findings. Whereas further pharmacokinetic studies are required to determine the exposure levels of h1F6 antibody-drug conjugates more conclusively, preliminary pharmacokinetic analysis in mice revealed similar plasma clearance rates of h1F6-mcMMAF(4) and h1F6-mcMMAF(8) antibody-drug conjugates, arguing against the possibility that the higher loaded species are cleared faster (Supplementary Table S1 ). Finally, it is likely that biological parameters known to be involved in antibody-drug conjugate activity, including target expression levels and internalization rates, cellular trafficking to lysosomal compartments, the composition of the extracellular matrix, and the tubulin architecture, are regulated differently in tumor cells grown in vitro versus in vivo. In conclusion, in vitro studies provide only limited value and data from in vivo studies are more relevant for the identification of the optimal drug-linker combinations for different therapeutic targets.
To generate preclinical efficacy data that is predictive of clinical outcome, development of tumor models that most closely mimic human conditions is paramount (ref. 25 ; reviewed in ref. 38 ). Tumor models using primary patient RCC cell isolates, in particular when implanted orthotopically in the subrenal capsule, were shown to predict efficacy of compounds in the clinic with high accuracy (25, 39 -41) . In this report, we describe the development of orthotopic RCC models using primary patient RCC tumor cell isolates. Our data show moderate to high levels of CD70 expression in tumors derived from primary patient RCC cell isolates, which were comparable with the levels observed in tumors derived from standard tumor cell lines. When tested in these models, anti-CD70 auristatin conjugates consisting of an uncleavable linker induced potent antitumor effects, resulting in complete tumor regressions starting at dose levels of 0.5 mg/kg. Importantly, the conjugates described in this report consist of a noncleavable (mc) linker. These compounds carry the potential of reduced off-target toxicity, based on the more selective drug release following internalization into the target cancer cell. In support of this notion, the mc-MMAF conjugates seem to be better tolerated in the context of the anti-CD70 antibody compared with the previously published, protease cleavable vc linker -based conjugates (23) . Importantly, comparable exposure levels were measured for 8-and 4-loaded mcMMAF compounds. Given the reduced tolerability of higher loaded antibody-drug conjugates described previously (37) and the equipotency between 4-and 8-loaded compounds identified in this report, the h1F6-mcMMAF(4) conjugate, designated as SGN-75, provides superior therapeutic indexes and warrants clinical development in solid tumor indications.
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